Ligninolytic fungi are unique among eukaryotes in their ability to degrade polycyclic aromatic hydrocarbons (PAHs), but the mechanism for this process is unknown. Although certain PAHs are oxidized in vitro by the fungal lignin peroxidases (LiPs) that catalyze lig olysis, it has never been shown that LiPs initiate PAH degradation in vivo. To address these problems, the metabolism of anthracene (AC) and its in vitro oxidation product, 9,10-anthraquinone (AQ), was examined by chromatographic and isotope dilution techniques in Phanerochaete chrysosporium. The fungal oxidation of AC to AQ was rapid, and both AC and AQ were significantly mineralized. Both compounds were cleaved by the fungus to give the same ring-flssion metabolite, phthalic acid, and phthalate production from AQ was shown to occur only under ligninolytic culture conditions. These results show that the major pathway for AC degradation in Phanerochaete proceeds AC -+ AQ --phthalate + CO2 and that it is probably mediated by LiPs and other enzymes of ligninolytic metabolism.
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Polycyclic aromatic hydrocarbons (PAHs) are major pollutants of both anthropogenic and natural pyrolytic origin, occurring in soils, sediments, and airborne particulates. The crucial step in their biodegradation is oxidative fission of the fused aromatic ring system, an event previously thought unique to certain bacteria (1) . Recent evidence necessitates a revision of this view: the lignin-degrading fungi that cause white-rot of wood have also been shown to mineralize a wide variety of aromatic pollutants, including certain PAHs, under culture conditions that promote the expression of ligninolytic metabolism (2) (3) (4) (5) . A key component of the fungal ligninolytic system is thought to consist of extracellular lignin peroxidases (LiPs), which catalyze the one-electron oxidation of various lignin-related substrates (6) (7) (8) . LiPs have also been shown to oxidize certain PAHs in vitro, and it has been proposed that they play an important role in the degradation of these pollutants by white-rot fungi (9, 10) . However, it has never been demonstrated that LiP-catalyzed oxidation is a significant fate ofany PAH in vivo or that the products of such a reaction are subsequently cleaved to smaller, monocyclic, compounds. In fact, to our knowledge, no PAH ring-fission metabolite other than CO2 has ever been identified in any eukaryote. To address these problems, we have examined the fate of anthracene (AC) in cultures of the ligninolytic basidiomycete Phanerochaete chrysosporium, and we now report that ligninolytic metabolism provides a route for the ring fission of this PAH.
MATERIALS AND METHODS
Reagents and Organic Syntheses. ['4C]AC was synthesized from 9,10-anthraquinone (AQ) uniformly labeled with '4C in one phenyl moiety. The starting material (Sigma, custom synthesis, 6.1 mCi-mmol-1; 1 Ci = 37 GBq) was diluted with unlabeled AQ to 3.0 mCi mmol-' and repurified by preparative TLC on silica gel 60 (Merck) in CH2C12/tetrahydrofuran (99:1) to a radiochemical purity of 98.3%. A portion of this sample (20 mg) was reduced with hydriodic acid (11) , and the resulting crude [1-4, (14) . Procedures for the purification of LiP, the in vitro oxidation of AC with LiP, and the analysis of oxidation products by TLC and GC/MS were as described previously (10, 14) . Metabolic Studies. P. chrysosporium (American Type Culture Collection 24725) was maintained on supplemented malt agar slants (14) , and precultures for biodegradation experiments were prepared by inoculating conidia from these slants into 125-ml Erlenmeyer flasks that contained 50 ml of basal low trace element medium (15) or gassing manifolds (for mineralization assays), and the cultures were incubated in the rotary shaker (350C, 150 rpm). The culture headspaces were flushed out daily thereafter with 02, and in mineralization studies were sparged through an alkaline scintillation cocktail for assay of 14C (17) . No differences in AC metabolism were observed between cultures that received compounds in toluene vs. those that received them in N,N-dimethylformamide. The cultures were examined regularly by microscopy for bacterial contamination, with negative results. Metabolite Workup. The extracellular culture fluid from two to six replicate cultures (50-150 ml, containing 0.7-2.0 x 106 dpm) was adjusted to pH 7 with NaOH and extracted (three times) with 2 vol of CHCl3/acetone (1:1, vol/vol), followed by one extraction with 1 vol of CHCl3. The combined neutral organic extracts were concentrated to -50 ml by rotary vacuum evaporation, washed with 10 ml of saturated NaCl, dried over Na2SO4, and further concentrated to a few milliliters by sparging with argon. The remaining aqueous phase from the above procedure was acidified to pH 1.5 with HCl and reextracted with CHCl3/acetone and CHCl3 as described above. The combined acidic organic extracts were then worked up in the same manner as the neutral extracts, and samples (0.5-2.0 x 105 dpm) were purified from highly polar compounds by chromatography on a 1-ml column of silica gel 60 (Fluka) in benzene/ethyl acetate/formic acid (7:5:1, vol/vol). The eluate, containing an essentially quantitative yield of the applied 14C, was then concentrated by sparging with argon.
Isotope Dilution Experiments. AQ determinations: For each experiment, a known quantity of unlabeled crystalline AQ (=500 mg ± 1 mg) was added in 20 ml of CHCl3 to each of three replicate 25-ml cultures that had been incubated with [14C]AC (2.0 ,uM) for the times indicated. Each culture was shaken for 1 hr, the contents of the three flasks were pooled and sonicated, cell debris was removed by centrifugation (16,000 x g, 15 min), and the supernatant liquid was separated into aqueous and CHC13 fractions. The CHCO3 fraction was filtered, dried over Na2SO4, and concentrated to dryness by rotary vacuum evaporation. The resulting crude AQ crystals were recrystallized (three or four times) to constant 14C specific activity, and samples (-20 mg) were weighed and assayed by scintillation counting.
Phthalate determinations: For each experiment, four replicate 25-ml cultures that had been incubated for 7 days with [14C]AC or [14C]AQ (2.0 ,uM) were pooled, and the extracellular medium was separated from the mycelial pellets by centrifugation (16,000 x g, 15 min). A known amount of unlabeled crystalline phthalic acid (3.2-3.3 g ± 1 mg) was added to the extracellular medium, which was then adjusted to pH 8 with NaOH, stirred until the sodium phthalate was completely dissolved, filtered, and extracted exhaustively with CHC13 to remove hydrophobic 14C (mostly [14C]AQ), from which phthalic acid could not be purified by recrystallization in H20. Crystals of phthalic acid were then precipitated from the aqueous phase by adjusting the pH to 0 with HCl, and were recrystallized repeatedly from H20. Samples (=200 mg) from each crop of crystals were dried for 8 days over CaSO4, weighed, and assayed by scintillation counting. Three to six recrystallizations were required to attain constant 14C specific activity. The mycelial pellets remaining from the above procedure were suspended in 100 ml of H20 that contained 3.299 g of unlabeled phthalic acid. This suspension was adjusted to pH 8, frozen and thawed once, and sonicated until the cells'ruptured. The homogenate was centrifuged (16,000 x g, 15 min), and the supernatant fraction was treated as described above for the culture medium.
RESULTS AND DISCUSSION AC is the simplest PAH to be a LiP substrate, and would be expected, given the high electron density at its 9 and 10 positions, to yield AQ when oxidized by the enzyme in vitro (10) . TLC on silica gel and GC/MS of the reaction products from such experiments confirmed that AQ was the only detectable product. Mass (Fig. 1) . When the initial concentration of AC or AQ added was increased to 2.0 .tM, the total amount of compound mineralized also increased, but not 10-fold: typically, 2-5% of the total was oxidized to CO2 under these conditions. The mineralization of both compounds was inhibited by more than 80%o when LiP production was suppressed by supplying the cultures with nonlimiting N. All of these findings-the total extents of mineralization obtained, the trend towards saturation'of the biodegradative system with increasing concentrations of substrate, and the inhibition of mineralization in N-sufficient cultures-are typical of organopollutant degradation by P. chrysosporium (2-5).
The observation that AC and AQ were mineralized to comparable extents by P. chrysosporium was consistent with a role for LiP in AC degradation, but it was necessary to ascertain in addition whether AC was actually oxidized to AQ by the fungus. The (Table 1) .
It is clear from these results that the oxidation of AC to AQ is rapid and quantitatively important in N-limited P. chrysosporium cultures. Since the rates and extents of mineralization obtained for AC and AQ were similar, we can further conclude that the pathway AC --AQ -* CO2 is a major one for AC degradation by the fungus. The simplest explanation for the data, in accord with the high LiP activity exhibited by these cultures and the suppression of AQ formation in high-N medium, is that LiP catalyzes the first step in AC degradation.
A crucial test of LiP involvement in AC degradation was to identify a diagnostic ring fission product from AQ in fungal cultures and then determine whether this metabolite was also produced from AC. Polar metabolites were formed in significant amounts from both compounds: typically, about 20% of
[14C]AC and 10% of [14C]AQ were recovered from the 80 100 extracellular medium as H20-soluble or acidic organicsoluble 14C after 7 days in culture. The acidic organic-soluble fractions from both AC and AQ experiments contained a metabolite that was indistinguishable from phthalic acid by ion exclusion HPLC (Fig. 3A) . The same fractions, after methylation with diazomethane, both gave a product that chromatographed identically with authentic dimethyl phthalate by silica gel TLC (Fig. 3B) . Phthalate was the only aromatic acid to accumulate from AQ, whereas a second, more polar metabolite was also formed from AC, and was presumably the product of an oxidative pathway that is not initiated by LiP. This product appeared to be present in the extracellular medium at roughly the same level as phthalic acid, but large workup losses due to sample volatility make comparison difficult. Attempts to identify the more polar metabolite were unsuccessful; it is unclear whether it is a ring-fission product or a conjugate between AC and some tabolites formed acidic species. ntration) by P.
An isotope dilution experiment confirmed the identificaafter 2 days in tion of phthalic acid and established its quantitative impor-12 ml, 3 .0 x 104' and the organic tance in AC degradation. Both AC and AQ gave phthalic acid e loss of 14C due in 12-13% yield after 7 days ( Phanerochaete differs fundamentally from the process in bacteria, which proceeds via AC cis-1,2-dihydrodiol rather than AQ and has been proposed to yield salicylate rather than phthalate as a monocyclic cleavage product (21) (22) (23) . The formation of a quinone to prepare the aromatic ring for cleavage is an unusual biodegradative strategy, and it appears to be of general importance in P. chrysosporium: LiPs have also been implicated in the degradation of polychlorinated phenols by this organism (24, 25).
The phthalic acid that is produced from AC is degraded further to C02, although less readily than AC and AQ are (Fig. 1) . The relative persistence of phthalic acid in the 
